Although latitudinal gradients in species richness are well-documented for a plethora of taxa in terrestrial, freshwater, and marine environments, little consensus exists concerning the predominant biological factor that is responsible for the pattern. We produced an analytical null model to assess the degree to which gradients in species richness could be a consequence of the random determination of the limits of species ranges. The model predicts a parabolic increase in species richness toward the middle of a latitudinal domain in the absence of underlying environmental gradients. Our stochastic model accounted for a significant portion of variation in marsupial and bat species richness for each of three different latitudinal domains in the New World: continental limits, the latitudinal extent of each higher taxon, and the smallest latitudinal extent which comprises 95% of the species in the higher taxon. A unique prediction of the stochastic model, which distinguishes it from all other hypotheses, is that parabolic latitudinal gradients in richness should exist for species wholly contained within random latitudinal subsets. Observed gradients for New World marsupials and bats document that this is true. Regardless of taxon or domain, differences between observed and expected species richness (residuals) were not related appreciably to latitudinal band area ( r 2i0.15). The ubiquity and similarity of latitudinal gradients in species richness for different taxa could be a consequence of pervasive stochastic mechanisms rather than a product of a dominant underlying environmental gradient to which all species respond. Application of our null model to other gradients (e.g., depth, productivity, disturbance) may provide insight into mechanisms affecting patterns of species richness in other ecological or biogeographic settings. Museum, Texas Tech Unic.., Lubbock, USA (cmmrw@ttacs.ttu.edu Gradients of species diversity have long fascinated bio-and Gibson 1983 , Brown 1988 . These same large-scale geographers, ecologists, systematists, and evolutionary phenomena frequently are recapitulated a t the level of biologists (Wallace 1878 , Schall and Pianka 1978 , local communities (Fleming 1973, Lacher and Mares Rosenzweig 1995. The greater richness of tropical bio-1986). Indeed, the pervasive appearance of latitudinal tas compared to their temperate and polar counterparts, gradients in species richness has led t o the search for a as well as the latitudinal decline in species richness with dominant biological process that is indifferent t o taxoincreasing latitude, is viewed a s almost universal truths nomic affinity o r geographic location and origin (Pianka that apply t o a wide variety of animals and plants in
Explanations for the latitudinal gradient are legion and controversial. In general, they include both historical and equilibria1 approaches, comprising 10 classical (evolutionary time, spatial heterogeneity, competition, predation, climatic stability, productivity, ecological time, climatic predictability, stability of primary production, and rarefaction [Pianka 1966, Stehli et al. 19691 ) and four recent hypotheses (nonequilibrial interactions among competitors, complex vertical structuring of plant species diversity, Rapoport's Rule of decreasing range size with decreasing latitude, and the positive correlation between rate of evolution and temperature [Huston 1979 , Terborgh 1985 , Stevens 1989 . These hypotheses are not mutually exclusive, and some are circular or unsubstantiated by empirical evidence (Rohde 1992) . Although overwhelming support exists for the existence of latitudinal gradients in species richness, no consensus has emerged identifying the causal agent, and notable exceptions to the general pattern have been documented, especially for parasitic taxa (Owen and Owen 1974 , Rathke and Price 1976 , Janzen 1981 . To produce a gradient in species richness, all hypotheses require an underlying latitudinal gradient in the environmental conditions or biological factors which affect species richness. Nonetheless, a latitudinal gradient in species richness recently has been documented for benthic invertebrates inhabiting the North and South Atlantic (Rex et al. 1993) , despite the continuity and homogeneity of the deep sea physical environment.
At least in part, the universality of the latitudinal gradient may be a consequence of the bounded nature (e.g., the distribution of New World terrestrial taxa is limited by the northern-most and southern-most extensions of the continents) of global environments (Pielou 1977) . T o test this supposition, we constructed a simple probabilistic model based on the binomial distribution. It predicts the number of species at each latitude in the absence of environmental heterogeneity or gradients. An analogous simulation approach was developed recently by Colwell and Hurtt (1994) , whereas an identical random simulation approach was used by Lyons and Willig (1997) to evaluate patterns of latitudinal range size.
The stochastic model
If the endpoints of the southern and northern latitudinal extremes of a landmass are represented by 0 and 1, respectively (Fig. l) , the latitudinal position of any point (P) may be represented by its proportional distances between endpoints ( p from the southern terminus, 0; q from the northern terminus, 1; with the sum of p and q equaling 1). If the distribution of a species is affected by chance alone. then the probability that it includes P is given by:
where p 2 is the probability that a species distribution will exclude P and exclusively occur to the south, and q2 is the probability that a species distrlbut~on will exclude P and exclusively occur to the north. As a consequence, the number of species expected to occur by chance alone at point P is given by 2pqS, where S is the number of species in the species pool (l.e., the species richness of the landmass).
Fortunately, the variance (vof 2pq is well known as a consequence of extensive work in population genetics (Nei and Roychoudhury 1974, Nei 1975) and is given by:
This facilitates calculation of 95% confidence intervals for predicted species richness at P.
All other hypotheses which purport to identify the factors that produce a gradient in species richness only predict a general trend: richness increases toward the tropics. More detailed quantitative predictions concerning the precise form of the increase or the number of species expected at each latitude are not intrinsic to those hypotheses. Consequently, empirical evaluation of each hypothesis or falsification of competing hypotheses in the sense of strong inference (Platt 1964 ) is difficult. In contrast, our stochastic model produces a symmetrical gradient of species richness ( Fig. 1) which attains a maximum (0.5s) at the midpoint of the latitudinal bounds (i.e., when p = q = 0.5). Therefore, the model provides a quantitative prediction (along with confidence limits) of species richness which can be compared to empirical data for any particular taxon. Clearly the existence of a pattern and its recapitulation above and below the equator does not necessarily require deternlinistic mechanisms (Colwell and Hurtt 1994, Lyons and . Chance alone can produce patterns with all of the mathematical precision of deterministic mechanisms.
Empirical assessment
We used distributional data for bats (Koopman 1982) and marsupials (Streilein 1982) , updated according to information provided by Eisenberg (1989) , to test if the predictions from the stochastic model accounted for observed latitudinal gradients in the New World. Both taxa have been shown to exhibit significant gradients of richness in the New World (bats, Selcer 1989, Willig and Sandlin 1991; marsupials, Willig and Gannon 1997) . For this test, we digitized the distribution for each species of bat or marsupial, and tallied the number of species in each taxon that occurred within I-degree latitudinal bands. The correlation between observed and predicted species richness in each band is a Fig. 1 . Illustration of the relationship between actual latitudinal limits of the continental New World and the theoretical prediction of the species richness gradient. The proportional distance of any point P from the southern (p) or northern (q) terminus determines the expected species richness (2pqS) at a latitude, where S is the number of species in the biota. As a consequence, the form of the relation between richness and latitude is a parabola that attains its maximum at the midpoint between latitudinal extremes. Similar parabolic gradients in species richness are obtained for each of the other two methods of delimiting latitudinal termini for the model. The latitudinal domain based upon the distributional limits of bats is 66"N to 55"s and is represented by vertical bar a; whereas that of marsupials is 47"N to 55's and is represented by vertical bar c. The smallest latitudinal domain that encompasses 95% of all species of bats is 57"N to 43's and is represented by vertical bar b; whereas that of marsupials is 26"N to 41"s and is represented by vertical bar d.
SPECIES RICHNESS
quantitative measure of the degree to which actual species richness gradients are a product of random processes or are indistinguishable from patterns generated by stochastic mechanisms.
The latitudinal extent of the landmass used in our analyses is based upon the assumption that expansive bodies of water (e.g., oceans) represent inhospitable habitats (i.e., hard boundaries. sensu Pielou [I9771 and Colwell and Hurtt [1994] ) for occupation by bats or marsupials. Nonetheless, a variety of other geographic, historical, or ecological attributes of a landmass might limit the distribution of each fauna. A more realistic delineation of hospitable areas for each taxon can be determined empirically from the actual distributional limits of the Chiroptera or Marsupialia. As such, we assessed the efficacy of the simulation model to predict species richness gradients in three fashions. The first is based upon the latitudinal extents of North and South America. The second is based upon the iictual distributional limits of the higher taxon in question (i.e., the range of bats [a in Fig. I ] or marsupials [c in Fig. 11 ). The third is based upon limits imposed by the smallest latitudinal range which includes 95% of all species in OIKOS 81.1 (1998) the higher taxon (b in Fig. 1 for bats; d in Fig. 1 for  marsupials) . The third approach recognizes that the latitudinal boundaries of a higher taxon are dynamic, expanding and contracting as species expand their geographic range or become locally extinct. Moreover, the latitudinal extent of an entire fauna can be strongly influenced by one or a few species (e.g., Didelphis cirginiana for the Marsupialia); the third domain minimizes this effect.
The proportion of variation in species richness explained by the stochastic model for marsupials differed greatly, depending upon the latitudinal domain used to delimit distributional boundaries (continental limits, r 2 = 0.35; marsupial distributional limits, r 2 = 0.69; 95% distributional limits, r 2 = 0.94). In contrast, the proportion of variation in species richness explained by the stochastic model for bats differed little with latitudinal domain (continental limits, r 2 = 0.67; bat distributional limits, r' = 0.71; 95% distributional limits, r 2 = 0.77). Nonetheless, in all cases, the variation in species richness explained by the stochastic model was significant (P< 0.05). Others (Pielou [I9771 for benthic marine algae along the Atlantic coast of the New World; Hughes et al. [I9961 for eucalypt species in Australia; Blackburn and Gaston [I9961 for New World birds) examining patterns of species richness in entire landmasses have found peaks near latitudinal midpoints as well. Especially noteworthy is the modal pattern of species richness for eucalypts in Australia; the mid-continental peak (30 and 35 degrees S latititude) is not tropical!
Random subsets
If the essence of the latitudinal gradient in species richness is a consequence of stochastic phenomena, then the predictions of the model should hold for any latitudinal subset of a landmass, as long as only species wholly contained within those latitudinal bounds are considered in the analysis. In an incisive manner, this distinguishes the prediction of the stochastic model from those of all other competing hypotheses that suggest that species richness attains a tropical maximum per se, rather than a maximum located at the middle of latitudinal boundaries. To test this notion, we randomly generated 20 pairs of northern and southern latitudinal limits for bats and marsupials separately. For both taxa, the simulated latitudinal limits were constrained in two fashions: (1) the limits must span at least 20 degrees of latitude, and (2) the limits must include at least 20 species whose distributions are wholly contained therein. For marsupials, the stochastic model significantly explained variation in species richness for 19 of the 20 simulated boundaries (average r, 0.73; standard error of r, 0.05). Similarly for bats, the stochastic model significantly explained variation in species richness for 20 of the 20 simulated boundaries (average r, 0.77; standard error of r, 0.03).
Deviations from model predictions
Clearly, detection of a latitudinal gradient is enhanced by the degree to which the distributional limits of species in a taxon are affected by stochastic processes. To some extent, the absence of habitable land beyond continental boundaries contributes to this phenomenon. Biogeographic studies in the New World that attribute biological causation to latitudinal gradients of species richness based on a non-random hypothesis must show that the observed gradient is different from that produced by chance alone. If biological processes were to favor tropical diversity, per se, then stochastic processes could alter the form or countermand the presence of tropical maxima in species richness on continents in which the tropics is not located in the central portion of the land mass.
Like any null hypothesis, our stochastic model provides a foundation for assessing the degree to which deterministic factors modify the form of species richness gradients. Systematic deviations between predicted and observed richness should stimulate formation of hypotheses that describe the observed differences rather than the observed gradient, per se. For example, much of the variation in species richness of marsupials and bats in the New World is explained by the stochastic model, yet systematic departures from the predictions exist that are taxon-specific (compare Figs 2 and 3 ). The stochastic model consistently overestimates species richness at all latitudes for marsupials, whereas tropical richness is underestimated and non-tropical richness overestimated by the model for bats. This suggests that unique evolutionary histories or physiological constraints of marsupials and bats, or any of the other biogeographic models (Pianka 1966 , Stehli et al. 1969 , Huston 1979 , Terborgh 1985 , Stevens 1989 , Rohde 1992 ) could interact to modify the general pattern produced by stochastic mechanisms.
Non-random factors such as the shape of continents (i.e., the area of latitudinal bands) could affect the marked deviations between observed and expected patterns of species richness. Indeed, a positive relation between species richness and area is a fundamental principle in geographic ecology that has persisted for over 120 years (Rosenzweig 1995, Goetelli and Greaves 1996) and has been deemed "one of ecology's few genuine laws" (Schoener 1974) . We evaluated the degree to which deviations from the null model were a consequence of variation in area by saving the differences between observed and expected values (residuals), and measuring the degree to which they are related to variation in the area of latitudinal bands. In all cases, less than 15% of the variation in the magnitude of residuals was due to variation in area. Other biotic or abiotic factors that differ in a quantitative fashion with latitude should be assessed via similar approaches.
Ramifications
Patterns in species richness are not restricted to latitude. For example, they have been well documented with respect to elevation (Whittaker 1956 , 1960 , 1977 , Dressler 1981 , depth (Vinogradova 1962) , and disturbance (Horn 1975 , Connell 1978 , Tilman 1982 . If the domain over which taxa are distributed is bounded, and if constituent species have continuous distributions in the ecological space of the domain, then the stochastic model may contribute to empirical patterns in species richness. As such, maxima in species richness should occur at the center of elevational gradients and depth gradients; at least for some taxa, this is true (Whittaker 1960 , 1977 , Vinogradova 1962 , Horn 1975 , Dressler 1981 . By the same reasoning, species richness should be greatest at intermediate levels of disturbance. and this has become i~lcreasingly well docu~lieiited (Horn 1975 , Connell 1978 , Tilinan 1982 . Hence. the stochastic model may have far-reaching applications beyond those of a biogeographic nature. 
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